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Electrical properties of Bi
2
S
3
nanowires grown using a single source precursor in anodic aluminum oxide templates are sensitive to
the relative humidity in an inert gas environment. Dynamic sensing dependency is obtained and shows presence of spontaneous
resistance switching effect between low and high relative humidity states. Employing the thermionic field emission theory,
heights of Schottky barriers are estimated from the current-voltage characteristics and in relation to the humidity response. The
change of Schottky barrier height is explained by local changes in physically adsorbed water molecules on the surface of the
nanowire.
1. Introduction
During the last decade, remarkable attention has been
devoted to the applications of semiconductor nanowires
in chemical sensor, resistive memory, and other electrical
devices [1, 2]. Increased surface to volume ratio of nanowires
improves their sensitivity to changes in the surrounding
medium, which is useful for chemical sensor applications
[3]. For example, Cui et al. demonstrated highly sensitive
real-time biological sensors [4]. Peng et al. investigated NO
sensing properties of porous silicon nanowires in dry air at
room temperature [5]. In addition, resistive switching events
have been observed and explained by different mechanisms
including space charge limited current [6] and oxygen
vacancy model [2, 7]. However, more detailed studies are
needed to establish well controlled working principles of
these devices and properties, especially of narrow band gap
nanostructures, such as Bi
2
S
3
nanowires.
The superior sensing behavior at nanoscale can also affect
nonsensing devices, where nanostructures serve as building
elements with certain well defined electrical properties.
Extreme oxygen sensitivity effect on carbon nanotube resis-
tance was reported [8]. Jie et al. observed considerable impact
of the air and humidity on the n-type silicon nanowires
and even change in the p-type characteristics [9]. There-
fore, sensing properties must be considered to advance the
performance for most of the nanowire based applications.
For example, exposure of metal oxide nanowire sensors
to gaseous molecules can modify the density of oxygen
vacancies [10]. On the other hand, drift of these vacancies has
been found as one of the basicmechanisms for thememristive
devices [2]. Consequently, studies of resistive switching may
lead to improvements of established sensing effects.
Previous works on nanowire memory devices cover a
wide range of oxide materials. Other solids including sulfur
based nanowires are also considered to possess the resistive
switching. For example, Ag
2
S nanowires were found to show
such effect at temperature of 10 K by formation of rupture of
the connection with silver electrodes [11]. Similarly, random
accessmemory devices have been presented bymodulation of
the Schottky barrier depletion region in Bi
2
S
3
nanoplates [12].
Bi
2
S
3
is an n-type semiconductor with a 1.3 eV direct band
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gap. Conductivity of individual nanowires and nanowire
arrays is well characterized [13–17]. Its characteristic dop-
ing with sulfur vacancies could be altered by the surface
adsorbents governing remarkable change of resistance. This
approach has a potential for applications in memory devices
[14, 18]. It has also been shown that if the temperature
is above 160K, Bi
2
S
3
nanowires exhibit either Schottky or
Ohmic conductance mechanisms. However, below 160K the
space charge limited current is the dominant conduction
mechanism for Bi
2
S
3
nanowires [14].
In this work, we report on properties of Bi
2
S
3
nanowires
for possible applications as resistive memory and sensing
devices. We focus on the working environment of the
nanowire resistors at room temperature, which is the most
common operating environment, with main emphasis on the
relative humidity impact on the nanowire electrical proper-
ties. Unusual response to the relative humidity was found
for individual Bi
2
S
3
nanowire resistors, where reversible
switching of the resistance is modulated by different RH
levels.
2. Materials and Methods
Thermolysis of single source precursor bismuth bis(dieth-
yldithiocarbamate) [Bi(S
2
CNEt
2
)
3
] was used to deposit Bi
2
S
3
in a porous anodic aluminum oxide (AAO) template forming
single crystal nanowires with the mean diameters from 20
to 200 nm and length up to several tenths of microm-
eters. Detailed growth of the Bi
2
S
3
nanowire arrays and
compositional characterization is described elsewhere [19].
Mechanical polishing of both sides of AAO membrane was
done to remove bulk crystallites formed during the synthesis.
Polished nanowire-filled membranes were dissolved in a 9%
H
3
PO
4
solution in water. Obtained nanowire suspension
was centrifuged to separate nanowires from the alumina
dissolution products. Separated nanowires were washed in
deionized water three times and then transferred to the
isopropanol [14, 16].
In order to localize the nanowires on the surface, freshly
prepared suspension was drop-casted on a silicon substrate
coated with a 380 nm thick layer of SiO
2
(boron doped,
SiMat) with prefabricated Au macroelectrodes. Electron
beam lithography (Raith, Elphy Quantum, coupled with a
scanning electron microscope (SEM) Hitachi S4800) was
used for nanowire electrode deposition. For metallization,
Ti/Au layers were evaporated in the precision etching and
coating system (Gatan 682 PECS). Prior tomeasurements the
fabricated devices were cleaned in oxygen plasma for 1min,
30W (Harrick plasma).
Electrical measurements were performed with a current-
voltage source meter system, Keithley 6430 and 6487. Rel-
ative humidity sensitivity was measured in a custom made
system with a controllable humidity level in argon (99.99%).
Constant humidity level during experiments was provided
using water-glycerol solutions [20]. All humidity sensing
experiments were realized in the humid/dry argonwith a flow
of 2 cm3/min. Level of the relative humidity and temperature
inside the measurement chamber was monitored using a
humidity sensor (Honeywell HIH-4010).
MATLAB based software PKUMSM.m [21] was used to
determine the change of Schottky barrier heights from IVCs
(applied parameters: 𝐸
0
= 25meV, 𝐸
00
= 1meV, 𝑅sh1 = 𝑅sh2
= 1015Ω).
3. Results and Discussion
A typical Bi
2
S
3
nanowire extracted from AAO and litho-
graphically connected to metal electrodes is shown in
Figure 1(a). Measured current-voltage characteristics (IVC)
have nonlinear symmetric, asymmetric, or rectifying depen-
dence and in Figure 1(b) we show example of nonlinear and
symmetric IVC. The thermionic field emission theory based
model for metal (M)–semiconductor (S)–metal (M) system
with two corresponding Schottky barriers at M/S interface
was used to approximate the obtained nonlinear IVCs for
Bi
2
S
3
nanowires (detailed process in [21, 22]). As one can
see the simulated IVC (example in Figure 1(b), solid line)
fits well the experimental data. Therefore, formation of the
nonlinear IVCs can be explained by presence of Schottky
barriers at Bi
2
S
3
-Ti/Au contacts [22]. Determined values of
extracted Schottky barriers are in order of 0.3–0.6 eV. These
values correspond well with the previously reported data for
Bi
2
S
3
nanowire devices with Pd contacts [13].
Assuming ideal M/S contact, the height of Schottky bar-
rier 𝜙Bi2S3 can be roughly estimated as 𝜙Bi2S3 = 𝜙M − 𝜒, where
𝜙M is the work function of the metal and 𝜒 is the electron
affinity of the semiconductor [23]. Previously determined 𝜒
for Bi
2
S
3
thin films is 4.5 eV [24]. Using the value of work
function of Ti, which interface the Bi
2
S
3
nanowires (𝜙M =
4.6 eV [25]) expected height of the Schottky barrier is in
order of 0.1 eV. However, experimentally determined values
of 𝜙Bi2S3 are higher and this difference may be attributed to
the presence of thin layer of native bismuth oxide on the
nanowire surface.
Referring to our previous research on reproducible con-
tact engineering for Bi
2
S
3
nanowires, ohmic or Schottky
barrier contacts can be produced using contact area etching
before metal evaporation [15]. Thus, by removing or pre-
serving the native oxide layer, one can select the type of the
nanowire contact. In this work, we selected the ones with
oxide layer enabled Schottky contacts, because, for the ohmic
contacts, no resistive switching was observed.
To characterize the Bi
2
S
3
nanowire relative humidity
dependent electrical properties, IVCs were measured under
RH-argon environment. Figures 2(a) and 2(b) demonstrate
IVCs for two individual nanowires after exposure to different
relative humidity levels. It was found that IVC has a hysteretic
behavior with spontaneous resistance switching (RS) effect
after exposure to low and high RH levels. The nanowire
first was conditioned at 5% RH level for ∼5min (Figure 2(a)
(curve-1)); then it was kept at 65% RH level (Figure 2(a)
(curve-2)) for the same amount of time and IVC was
obtained. 65% RH level was chosen, because, at RH < 60%,
no resistive switching events could be observed.The duration
of one IVC measurement was 2 minutes. At a low initial
conditioning RH level, the measured IVCs did not exhibit
any hysteresis and forward-reverse biased voltage sweeps
resulted in similar current values.However, after RH level was
Journal of Nanomaterials 3
(a)
Fit
Experiment
1.5
1
0.5
0
−0.5
−1
−1.5
I
(n
A
)
420−2−4
V (V)
(b)
Figure 1: Electrical characterization of individual Bi
2
S
3
nanowires: (a) SEM image of connected Bi
2
S
3
nanowire (𝑑NW–80 nm); (b) IVC of
Bi
2
S
3
nanowire with nonlinear dependence; solid fit corresponds to simulated IVC with two reverse Schottky barriers; extracted Schottky
barrier height 𝜙
1
≈ 𝜙
2
= 0.6 eV; relative humidity level = 5%.
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Figure 2: (a), (b) IVCs of the Bi
2
S
3
nanowires measured at argon atmosphere with low (5%) and increased (65%) relative humidity level;
notations (1) to (4) indicate the sequence of IVC capturing.
increased, the repeated IVC (Figure 2(a), (curve-2)) exhibited
hysteresis with occasional jumps back to the same path as
for nonhysteretic curves measured at low RH. The sequence
was repeated in a reversed order for another nanowire (initial
high RH followed by low RH) and even stronger effect of
resistive switching was observed (Figure 2(b)). It can be seen
that the IV curves in Figures 1(b) and 2 are different. It
can be attributed to different Schottky barrier heights for
different nanowires, as described in [22]. The magnitude of
the RS can vary from nanowire to nanowire, as one can see
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Figure 3: Dynamic response of the current of individual Bi
2
S
3
nanowire modulated by ∼5 and 75% RH levels under constant applied voltage
(300mV).
by comparing these two devices in Figures 2(a) and 2(b). We
believe that this is due to nonhomogeneity of the oxide layer
on top of the nanowire forming the Schottky barrier once
interfacing the metal contact. To obtain nanowire devices
with reproducible RS events, more effort needs to be done by
engineering reproducible Schottky barrier contacts. It is also
worth pointing out that, in terms of individual nanowire, the
IVCs after the RH exposure are consistent and the random
resistive switching events can be repeated. In Figure 2(b),
curve-3 is measured under the same conditions as curve-2
(right after capturing curve-2), also showing RS. To confirm
that the RH exposure cycles did not damage the nanowire,
curve-4 was measured after ∼1 h reconditioning in room
conditions (with a RH ∼ 65%). As one can see, the IVC
follows the same path as the first captured curve-1. In addition
to IVCs, for selected experiments, nanowires were controlled
visually using SEM technique.
Different IVC capturing sequences, that is, 5 to 65% and
65 to 5%, correspond to conditions with water molecule
adsorption and desorption processes. Poorly visible RS events
for 5–65% process and very well pronounced ones for the
reversed 65–5% IVC capturing sequence (Figures 2(a) and
2(b)) indicate that the RS events could be most likely induced
by an incomplete water molecule desorption process. To
better understand this effect, we measured the dynamic
current response.
The dynamic time dependent current response was mea-
sured under constant bias voltage after exposure to fast
changes of RH, 5% → 75% → 5% (Figure 3). After exposure
to the 75% RH, the current of the nanowire cannot be
recovered to the initial RH values of 5%. When the RH is
changed from 5% to 75% for the second time, chaotic jumps
of the current were observed (Figure 3).
The water molecule adsorption-desorption process on
the nanowire surface can be assumed as a relatively slow
process and one could expect that incomplete water molecule
adsorption (desorption) initiated the observed RS.
The presence of the Schottky barrier is a key ingredient
to induce/observe the RS for Bi
2
S
3
nanowires. Captured
nonlinear IVCs (Figure 4(b)) were used to determine the
height of the Schottky barriers at different RH levels. We
have plotted extracted 𝜙Bi2S3 versus relative humidity level as
shown in Figure 4(a). The Schottky barrier does not change
significantly at RH levels below 60%, but at higher RH levels
the value of 𝜙Bi2S3 starts to increase. This corresponds to the
RH diapason, where the 𝜙Bi2S3 remains constant. Therefore,
observed increase in barrier height at RH > 60% can explain
the change in IVCs, as can be seen in Figure 2(a).
When the RH levels are relatively small (≪60%), only a
chemisorbed layer is formed on the surface of the nanowire
(Figure 4(c)). When the RH levels increase above 60%, then
also on top of chemisorbed layers water is sorbed physically
and both the Schottky barrier and the depletion region
width increase (Figure 4(d)). This means that the nanowire
is less conductive. As the physisorbed layer is not very stable,
physically adsorbed water molecules can locally regroup and
change thewidth of the depletion layer and height of Schottky
barrier, which may explain the resistive switching at RHs
above 60% (Figures 3 and 4).
4. Conclusions
We have demonstrated relative humidity dependent resis-
tance switching effect for Bi
2
S
3
nanowires in inert gas atmo-
sphere. Dependence of the Schottky barrier height versus RH
indicates significant increase in the Schottky barrier at RH
values above 60%.
The current-voltage characteristics of the Bi
2
S
3
nanowires
at constant relative humidity levels in argon show resistive
switching events. They can be attributed to the immobile
(chemisorbed) and mobile (physisorbed) water molecules
layer formation on the nanowire surface, which locally
change the height of the Schottky barrier and depletion
layer width. Consequently, at high RH level uncontrolled
desorption and local regrouping of the physisorbed water
molecules can occur and resist drop to the value corre-
sponding to low RH level. Further investigation of the water
molecule adsorption effects on the Bi
2
S
3
nanowire surface
is needed to fully utilize the switching effect in functional
devices.
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Figure 4: (a) Determined values of 𝜙Bi2S3 versus relative humidity; (b) IVCs at RH levels 5, 20, and 30%; arrow indicates IVC capturing
sequence; (c), (d) schematic representation for themodulation of 𝜙Bi2S3 under low (RH≪ 60%) and high (RH > 60%) relative humidity levels.
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